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Figure 1. Location  map  of  study  area,  Corte  Madera  Bay,  California,  with  bathymetric  survey   tracklines  colored  by  
cruise  ID.  

Figure 2. U.S.  Geological  Survey,  Coastal  and  Marine  Geology  Research  Vessel   Parke  Snavely.    Photo  courtesy  
of  Thomas  E.  Reiss.  



Figure 3. Fore  and  aft  views  of  the  SWATHplus  sonar  pole  mount  on  the  R/V   .  
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Table 1.  SWATHplus-M  Sonar  Specifications  (SEA  Ltd.,  2004).  
Sonar frequency 234.5 kHz 

Maximum water depth 120 m 

Maximum swath width 300 m (typically 7 to 12 times water depth) 

Resolution across track (best case) 5 cm 

Transmit pulse length 34 ms to 500 ms 

Ping repetition rate  

   150 m swath width 10 pings per second 

   300 m swath width 5 pings per second 

Vertical accuracy (range dependent)  

   57 m 0.1 m 

   114 m 0.2 m 

   171 m 0.3 m 

 

Geodetic Control 
Geodetic control for the survey was established using a shore-based GPS base station 

broadcasting RTK corrections to the survey vessel by UHF radio link. The GPS base station (CM01) 
was established in the nearby hills along Taylor Drive (see figure 1).  The average National Geodetic 
Survey (NGS) Online Positioning User Server (OPUS) solutions for CM01 are provided in table 2. 

Table 2.  National  Geodetic  Survey  OPUS  solutions  for  Corte  Madera  GPS  base  station  CM01.  
Reference frame WGS84 (G1150) 

(same as ITRF00) NAD83, UTM zone 10 

Epoch 2010.1532 2002.0000 

Latitude / Northing N 37° 54  51.37819  4196426.825 m 

Longitude / Easting  545093.607 m 

Ellipsoid height 88.780 m 89.310 m 

Orthometric height N/A 121.651 m (based on GEOID09) 

 
The R/V Snavely was equipped with a CodaOctopus F180 attitude and positioning system for 

the duration of the survey. The F180 is running F190 firmware and receives RTK corrections directly. 
The RTK GPS data (2 cm error ellipse) are combined with the inertial motion measurements directly 
within the F190 hardware so that high-precision position and attitude corrections are fed in real time to 
the sonar acquisition equipment. The WGS84 (G1150)/ITRF 2000 reference frame was used for both 
horizontal and vertical positioning.  In post-processing, the data was converted to orthometric heights 
NAD83 (CORS96)/NAVD88 (see processing procedures section below).  All data is projected in UTM 
coordinate space in meters, zone 10 north. 

Sound Velocity Measurements 
Sound-velocity measurements were collected continuously with an Applied Micro Systems 

Micro SV (accurate to ± 0.03 m/s) deployed on the transducer frame for real-time sound-velocity 



Processing Procedures 

Figure 4. Processing  workflow  diagram  for  converting  soundings  to  a  digital  elevation  model  (DEM).  



Real-time Sonar Sounding Processing 

Swath Cleaning and Filtering 

Water-Column   Artifacts   in  S-3-10-SF  
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close proximity to nadir so as to minimize any refraction artifacts (fig. 5).  The accuracy of the retained 
soundings from S-3-10-SF was verified by differencing the north/south oriented tracklines from the 
intersecting east/west oriented tracklines collecting during S-9-10-SF.  The intersecting tracklines had a 
mean offset of 5 cm (SD=6) and a maximum difference of up to 61 cm.  These differences fall within 
the accuracy of the system (discussed further in the section estimates of bathymetric uncertainty ) and 
within the anticipated scale of geomorphic change that could occur within the two months between 
surveys.  Owing to the aggressive trimming of data to eliminate refraction artifacts, there is not 100 
percent overlap with adjacent tracklines for S-3-10-SF, resulting in narrow data gaps (~15 m wide) 
between some survey lines when the data is exported at 1 m cell size (fig. 6).  Fortunately, the majority 
of tracklines displaying the refraction artifact were within the intertidal flats, and although the across-
swath trimming of data left gaps between adjacent tracklines, the gently sloping terrain is highly 
conducive to interpolating across these gaps (fig. 7). 

 

 

Figure 5. A  cross-sectional  view  looking  along-swath  at  soundings  edited  by  individual  trackline  in  CARIS.    The  
yellow  triangle  represents  the  location  of  the  transducer  with  soundings  on  the  left  (port  side)  and  right  
(starboard)  side  of  the  boat.    Gray  dots  represent  all  of  the  potential  solutions  for  depth  soundings,  and  the  
colored  dots  (red  for  port  and  green  for  starboard)  represent  soundings  retained  after  filtering  and  manually  
cleaning  the  data  in  CARIS.    A,  A  typical  shallow-water  profile  collected  in  the  intertidal  flats,  with  scatter  
increasing  uniformly  with  distance  from  nadir.  B,  A  sample  taken  from  S-3-10-SF  where  refraction  artifacts  
result  in  an  underestimate  of  surface  elevation  increasing  with  distance  from  nadir.  C,  A  sample  taken  from  S-
3-10-SF  where  refraction  artifacts  result  in  an  overestimate  of  surface  elevation  increasing  with  distance  from  
nadir.  



Figure 6. 1-m  resolution  bathymetry   grid  generated  by  merging  surveys  S-3-10-SF  and  S-9-10-SF,  Corte  Madera  
Bay,  California.  Narrow  gaps  between  tracklines  exist  as  a  result  of  trimming  across-swath  widths  to  eliminate  
refraction  artifacts.  



Figure 7. 1-m  resolution  bathymetry   grid  generated  using  a  weighted  moving  average  gridding  algorithm ,  with  a  
search  diameter  of  100  m,  to  interpolate  across  gaps  between  tracklines,  Corte  Madera  Bay,  California.  

Horizontal and Vertical Datum Conversions 

http://vdatum.noaa.gov/
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Table 3.  Parameters  adopted  for  transformation  between  WGS84  (G1150)  and  NAD83  (CORS96).  
Parameter Definition Units Value at t0=1997.0 Value at tF=2010.0630 
Tx x-shift meters 0.9956 1.0047 

Ty y-shift meters -1.9013 -1.9104 

Tz z-shift meters -0.5215 -0.5150 

x x-rotation1 arc seconds 0.025915 -0.026790 

y y-rotation1 arc seconds 0.009426 .000461 

z z-rotation1 arc seconds 0.011599 -0.010933 

S scale parts-per-million 0.00062 -0.00173 
1Note that the Proj4 program cs2cs reverses the sign of the rotation parameters from the Soler and Snay (2004) algorithm. 

Estimates of Bathymetric Uncertainty 
For relatively flat portions of the seafloor, the standard deviation of sounding elevations within a 

small area is a good measure of the precision of the sonar instrumentation; this is not true in areas where 
the seafloor is naturally variable or steep.  In these areas, the standard deviation reflects the combination 
of natural variation of the surface, and sonar measurement uncertainty.  After post-processing the data in 
CARIS to remove obvious outliers, the standard deviation of the soundings within each 1 by 1 m cell 
(containing more than 400 soundings on average) was calculated.  The mean of the standard deviation 
for all of the cells in the survey is 0.06 m, and 98 percent of the cells have a standard deviation less than 
0.15 m (fig. 8).  These absolute numbers are a good indication of the distribution of uncertainty in 
bathymetric soundings, however, measurement errors naturally increase with range from the system 
(that is, with increasing depth).  A plan-view map of spatial variability in standard deviations throughout 
the study area is shown in figure 9.  Although slightly higher standard deviations exist in the tidal flats 
along the west/easterly oriented tracklines, this can likely be attributed to actual changes in bed 
elevation during the two month timespan between surveying the overlapping tracklines.  The overall 
spatial pattern of standard deviation reveals low standard deviation in the low-relief intertidal flats and 
increases with increasing depth and slope of the bay floor.  This highlights the need for a measure of 
survey reliability that accounts for water depth as a factor.  The International Hydrographic 
Organization (IHO) standards described next provide such a metric. 

 



Figure 8. Histogram  of  sounding  elevation  standard  deviations  within  each  1  by  1  m  cell.  

Figure 9. Plan-view  map  of  the  bathymetric  soundings  standard  deviation  within  each  1  by  1  m  cell,  Corte  Madera  
Bay,  California.  



Table 4.  Minimum  IHO  survey  order  requirements.  
Survey Order Special Combined 1 and 1a 2 



Figure 10. Uncertainty  in  sounding  elevation  compared  to  IHO  standards  as  a  function  of  water  depth  
(approximated  to  mean  high  water),  Corte  Madera  Bay,  California.  For  clarity,  only  0.1  percent  of  the  data  set  
(randomly  selected)  is  shown  out  of  a  total  5.2  million  cells  in  the  DEM.  The  maximum  vertical  uncertainty  
allowed  for  each  International  Hydrographic  Organization  survey   order  is  plotted  as  red  lines  along  with  the  
running  average  vertical  uncertainty  of  the  data  set  shown  in  cyan.  

Digital Elevation Model Production 
Bathymetric Grids 
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http://www.csc.noaa.gov/ldart


Figure 11. Difference  between  tidal  flat  elevations  calculated  from  aerial  lidar  versus  bathymetry,  Corte  Madera  
Bay,  California.      



Figure 12. Seamless  bathymetric/topographic  DEM  of  Corte  Madera,  California.  

Evaluation  of  Lidar  Bare  Earth  Elevations  in  Marsh  Vegetation  



Table 5.  Difference  statistics  between  real  time  kinematic  (RTK)  measurements  and  bare  earth  lidar  elevations  in  
the  marsh.    Positive  differences  indicate  that  the  lidar  elevation  is  higher  than  the  RTK  measurement.  

Northern Central Southern Total 

Number of Measurements 
Difference Statistics 
Minimum (cm) 
Maximum (cm) 
Mean (cm) 
Standard Deviation (cm) 
Estimated RMSE (cm) 

Figure 13. Real  time  kinematic  (RTK)  measurements  colored  by  difference  between  ground  elevations  as  
determined  by  RTK  survey   versus  bare  earth  lidar  DEM,  Corte  Madera  Bay,  California.      



Data Tables 
A Note on Coordinate Systems and Datums 

Bathymetry 

Table 6.  Bathymetric  data  files  provided.  
File name Horizontal resolution,    

in meters 
Reference frame Vertical datum 

Corte_Madera_bathy_raw_1m_NAVD88.zip 

Corte_Madera_bathy_raw_1m_WGS84.zip 

Corte_Madera_bathy_interp_1m_NAVD88.zip 

Corte_Madera_bathy_interp_1m_WGS84.zip 

Corte_Madera_bathy_10m_NAVD88.zip 

Corte_Madera_bathy_10m_WGS84.zip WGS84(G1150)   WGS84(G1150)  

Bathymetric / Topographic DEM 



Table 7.  Bathymetric/topographic  DEM  files  provided.  
File name Horizontal resolution, 

in meters 
Reference frame Vertical datum 

Corte_Madera_topobathy_DEM_NAVD88_1m.zip 

Corte_Madera_topobathy_DEM_NAVD88_10m.zip 
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